
1 -  
. 

* 
r- 
u3 
0 

, 
tJASA TT F-10,067 

USE OF THE EMISSION SPECTRIN OF THE COPPER am, 
FDR PLASMA DIAGNOSTICS 

G.I.Bakanovich and L.I.Grechikhin 

V 
- 
(CATEGORY) z 

(NASA C R  OR TMX OR A D  NUMBER) 

Trmslat.isn of Wspol*zovanipe spektra ispuskanipa a t o m  medi 
dlya diagnostiki  plazmyl*. 

Teplofizika Tbysolr=ik% Tenperatur, Vol.3, No .I+,  pp .5Xr-3, 1965. 

GPO PRICE S 

CFSTI PRICE@) S 

Hard copy (HC) A m  
Microfiche (MF) LR? 

W 653 July 85 

NATIONAL AERONAUTICS AND SPACE AIXINISTRATION 
WASHINGTON APRIL 1966 



. 
t 

IIASA TT F-10,067 

USE OF THE EMISSION SPECTRUK OF TIIE COPPER A'KBI 
FOR PLASKA DIAGNOSTICS 
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The temperature and concentration of charged p a r t i c l e s  i n  

t h e  plasma of a DC a r c  burning under water are measured 

from the emission spectrum of copper. 

of measurement are estimated. 

The possible  e r ro r s  

A method of allowing f o r  

t h e  self-absorption of t h e  l i n e s  i n  the  temperature deter- 

mination i s  given. The Stark constants a r e  calculated f o r  

a number of l ines ,  and it i s  shown t h a t  t h e  theo re t i ca l  

values should be used i n  measuring t h e  concentration of  

charged p a r t i c l e s  . 
It appears expedient t o  develop methods of plasma diagnostics under a r c  

discharge conditions from the  emission s p e c t r m  of copper, s ince copper vapor 

formed by erosion of the electrodes i s  present i n  plasma devices of a l l  kinds 

(plasmatrons, magnetohydrodynamic generators, arcs ,  e t c  .) I n  this connection 

it becomes necessary t o  se l ec t  t he  appropriate spec t r a l  l ines ,  r e f ine  t h e i r  

p r i n c i p a l  constants ( t r a n s i t i o n  probabi l i t i es ,  Stark constants, van der  Waals 

constants) ,  estimate the  e f f ec t  of various f ac to r s  on t h e  broadening of t h e  

se lec ted  l i nes ,  and f ind  the  e r ro r s  of measurement of t he  temperature and con- 

cent ra t ion  of charged pa r t i c l e s .  

For t h e  experimental solut ion of t h e  problems posed, we selected a DC a r c  

( i  = 8 amp) between copper o r  brass  electrodes under water. Under these condi- 

-x- Numbers i n  the  margin ind ica te  pagination i n  the  o r ig ina l  foreign t e x t .  
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<ions, we observed a r a the r  intense emission spectrum of copper with appreciably 

broadened l ines ,  wEt.ch - the  most important consideration - permitted r a the r  

r e l i a b l e  measurement of the  concentration of charged p a r t i c l e s  f r o m  the  broaden- 

ing  of t h e  He hydrogen l i ne .  

spectrograph with a 600 line/mm di f f rac t ion  gra t ing  ( l i n e a r  dispersion 4 vmm 
and instrument broadening somewhat l e s s  than 0.1 i); t he  spectrograph s l i t  was 

s e t  at 0.02 mm. 

rad ia t ion  over t he  l i n e  of s igh t  but not over t h e  e n t i r e  discharge cloud. 

spectra  were photographed on Iso-ortho p l a t e s  of 65 S ta t e  Standard (GOST) units. 

The exposures ranged from 20 sec t o  5 min.  

was from 4280 t o  5150 1. 
t h e  s e n s i t i v i t y  var ia t ion  of t he  p la tes  used was small i n  the  invest igated 

spec t r a l  in te rva l .  

means of a special ly  deslgned e l e c t i - ~ d e  h d d e r ,  p e ~ r L t , t i ~ ~  i t s  vzriat.inn wi thout  

s h i f t i n g  the  center  of t h e  a rc  away from the o p t i c a l  axis. The electrode holder 

was placed i n  a g l a s s  tank containing ordinary t a p  water, i n  such a way t h a t  t h e  

discharge gap was a t  a depth of 8 - 10 cm and r igh t  up against  the  tank wall. 

The emission spec t ra  were regis tered by a DFS-13 

A single-lens slit i l luminator  was used, which averaged t h e  

The 

The region of the  spectrum regis te red  

Heterochmmatic photometry was not performed, s ince 

The constant length of t h e  discharge gap was adjusted by 

The source selected was not without shortcomings. The a r c  channel continu- 

ously changed i t s  pos i t ion  i n  space, making it impossible t o  estimate t h e  in- 

t e n s i t y  along t h e  a rc  radius; thus, the i n t e n s i t i e s  obtained were the  result of 

averaging not  only over the  l i n e  of sight but a l s o  over time. This necessar i ly  

showed in our results. 

first approximation, even with such a source. 

Nevertheless, the  above problems could be solved, in /52L 

The emission spectrum of the copper arc under water contains the  l i n e s  

5163.2, 5105.5, 4704.6, 4530.8, 4480.4, 42'75.1 A, etc .  of t h e  neut ra l  copper 

atom. A ra ther  in tense  hydrogen l i n e  Hg i s  also present.  This hydrogen l ine i s  

2 



very f a i n t  in the  emission spectrum of an arc between brass electrodes. 

Out of all t he  l i n e s  we selected those Lines of the  neut ra l  copper atom 

that were located r e l a t ive ly  close together, covered a l a rge  i n t e r v a l  of excita- 

t ion  energies of the upper levels, and had known experimental or theore t ica l  

TABLE 1 

values f o r  the pr inc ipa l  constants, namely, the t rans i t ion  probabi l i t i es  and the  

constants of the various types of liiieractlon. 

l i n e s  tha t  more o r  less sa t i s fy  these requirements. 

t i e s  are taken from Corliss (Bibl.1) and t he  experimental values of the Stark 

constants from two o ther  papers (Bibl.2, 3)* 

Stark constant were calculated on t h e  basis of the  theory of perturbation in 

second approximation, under the assunption t h a t  t h e  f i e l d  i s  weak f o r  the S, 

P and D l eve l s  and strong f o r  t he  F levels.  

according t o  Bates and Damgaard (Bibl.4). 

f o r  t he  l i n e s  as a whole, found a f t e r  allowing f o r  the  r e l a t ive  i n t e n s i t i e s  of 

the  components due t o  Stark sp l i t t ing .  

constants a r e  more than one order smaller than the  d u e s  given by Holtsxnark 

and Trumpy (Bibl.2). The same great discrepancy between the  theore t ica l  and 

experimental values f o r  the  Stark constants was a l s o  noted e a r l i e r  f o r  o q g e n  

T&le 1 gives the  data f o r  the  

The t r a c s i t i o n  probabili- 

The theore t ica l  values of the  

The matrix elements were determined 

Table 1 gives the resu l t ing  constants 

The theore t ica l  values of t he  Stark 
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and nitrogen (Bibl.5). 

served f o r  the l ine 4022.7 1 between the theo re t i ca l  values of t h e  constants and 

the  experimental values calculated f romthe  s h i f t  of t h e  m a x i m a  of the  l i n e s  in 

another paper (Bibl.3) . 

I n  t h e  case of the copper atom, good agreement i s  o b  

The van der  !4aals constants were calculated using t h e  e f f ec t ive  p r inc ipa l  

quantum numbers according t o  Bates and Damgaard (Bibl.l+). The values of t h e  

po lay izabi l i ty  f o r  oxygen are taken f r o m  Alpher (Bibl.6) and f o r  hydrogen from 

Landau ( Sib1 . 7) . 
The temperature of t h e  a rc  was determined f r o m  two p a i r s  of copper l i nes ,  

This permitted us t o  define t h e  extent 5105.5, 5153.2 A and 5105.5, 4530.8 i. 
of self-absorption i n  the  lines, since i f  there  were self-absorption we would 

g e t  lower values from the  first p a i r  of l i n e s  and exaggerated values f r o m  the  

second. 

l i n e s  w e r e  in f a c t  t h e  same: T = 662121 i 5GC0K. 

exer t s  no subs tan t ia l  inf luence on the temperature measurements. 

i n  advance t h a t  t h e  Boltzmann d i s t r ibu t ion  of atoms by exci ta t ion  energies was 

v a l i d  here, using the  method proposed elsewhere (Bibl.8) . 

However, t he  temperatures found f r o m t h e  first and second p a i r s  of 

D L s  me=lns that self-absorption 

Ne ver i f ied  

A marked broadening of t he  copper l i n e s  a t  4530.8 and 44.S0.4 i! was observed. 

Table 1 gives the  corresponding t r ans i t i ons  f o r  these l i n e s .  Table 2 rn 
shows t h e  manner i n  which the  various types of i n t e rac t ion  a f f e c t  t he  broadening 

of t hese  l ines .  

of i o m  and electrons was estimated f r o m  the  concentration of charged p a r t i c l e s  

i r .  t h e  plasma, measured f r o m  the  width of t h e  H g  l i n e ,  w h i l e  t h e  Stark constant 

used was t he  theo re t i ca l  value. 

estimated under the  assumption t h a t  the pressure i n  the  plasma of t he  a rc  dis- 

charge was equal t o  t h e  pressure in the  surrounding medium, i.e., 1 atm. 

The influence of the  Stark quadratic e f f e c t  under t h e  act ion 

The e f f e c t  of t h e  van der  Waals forces  was 

The 
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resonance in te rac t ion  was estimated under the assumption t h a t  the  vapor of the  

electrode material was about 10% of the plasma*. 

determined f o r  a plasma temperature of 7000°K. 

The Doppler broadening was 

TABU 2 

No 

1 

2 

3 

4 

- 

Type of Interact ion 

~ 

Qadratic Stark 
effect :  
a) under the  in- 
fluence of ions 

b) under the in- 
fluence of elec- 
t rons 

Resonance in te r -  
act ion 

van der Waals in te r -  
act ion with atoms of 
hydrogen and oxygen 

Theory of 
Broadening 

Applied 

S t a t i s t i c a l  

Collision 

Collision 

Collision 

Doppler broadening 

TABLE 3 

H a l f -  

4530 
A 

0.05 

0.9 

0.016 

0 .O)+ 

0 -04 

'idth, 

a 8 0  

0.05 

0.9 

0.005 

0 .Ob 

0 .OL 

Form of Contour 

Asymmetry i n  the 
red spectrum 
region 
Symmetry rela- 
t i v e  t o  l i n e  
I n ~ m  

Symmetry rela- 
t i v e  t o  l i n e  
center 

Syrnmetq rela- 
t i v e  t o  l i n e  
maximum 

Symmetry rela- 
t ive t o  l i n e  
center 

Cu I A 4530.8 A I cu I A 4480.4 A I Hn 

Concentration 

0.40 1.07. IO" 

z- Customarily considered 1 - 2% i n  an a r c  under  atmospheric pressure. 
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An analysis  of Table 2 shows t h a t  the l i n e  broadening i s  due primarily t o  

the quadratic Stark e f fec t .  

preciably asymmetric i n  the  red spectrum region. 

interact ion,  l i k e  the  e f fec t  of instrumental broadening, may be assigned t o  the 

error of measurement of the  l i n e  width. 

T h i s  i s  indicated by t h e  f a c t  t h a t  the l i n e  i s  ap- 

The e f f ec t  of o ther  types of 

Since the  l i n e  broadening i s  due to the  influence of the  quadratic Stark 

e f f ec t  (mainly t o  co l l i s ion  in te rac t ion  of the  electrons) ,  the  Stark constant 

f o r  these l i n e s  can be found from the  concentration of charged p a r t i c l e s  dete- 

mined from the Hg l ines .  

by a f ac to r  of 4 f r o m  the  theore t ica l  values, and by a f ac to r  of 68 f r o m  the  

values given by Holtsmark and Trumpy. 

t h e  Stark constant to be taken for the measurement of t h e  concentration of 

charged p a r t i c l e s  i n  the plasma, we w i l l  determine the concentration of charged 

p a r t i c l e s  w i n g  various values of the constant. 

these calculations.  The calculations were performed under the assumption t h a t  

the t o t a l  width of a l i n e  i s  made up almost addi t ively of t h e  broadening under 

the  influence of t he  electrons and ions, with the  ions forming quasi-static 

f i e l d s  by means of which they a c t  on the radiat ing atom and with t h e  electrons 

causing co l l i s ion  broadening of the spectral  l i n e s  (Bibl.9). 

ty,  as shown by an estimate (Bibl.lO), can be neglected considering t h a t  t he  

Unciholm-Weiskopf theory of co l l i s ion  broadening i s  val id  f o r  these l i nes .  

Table 1 gives the  values of this constant. It d i f f e r s  

Before select ing t h e  pa r t i cu la r  value of 

Tzblt 3 g i ~ e s  the r e s l d t s  of 

/523 

The non-adiabatici- 

It must be borne i n  mind tha t  t h e  exci ta t ion po ten t i a l  of t he  hydrogen 

l i n e  He i s  12.7 ev, w h i l e  i t  i s  6.55 ev f o r  t h e  copper l ines .  

t i on  of these l i n e s  therefore takes place i n  various domains of the a rc  dis- 

charge. 

highest  temp era tures  and c harged-particle con centra t ions  occur, w h i l e  the  copper 

Effective excita- 

Hydrogen w i l l  be excited mainly i n  the  discharge tunnel, where the  
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l i n e s  w i l l  be excited throughout the  discharge cloud. 

charged-particle concentrations determined from the  time-average values of t h e  

spec t ra l  l i n e  widths must differ from those concentrations determined from the  

widths averaged along t h e  l i n e  of sight.  

found f r o m  the  copper l i n e s  should be somewhat smaller than t h e  value calculated 

f r o m  the  broadening of t h e  Hg l i ne .  

theore t ica l  value of t he  Stark constant. 

not exact, should s t i l l  give the correct order of magnitude. 

probably not exceed several tens  of percent. 

It follows t h a t  t he  

The charged-particle concentration 

T h i s  i s  i n  f a c t  the  case i f  we use the  

Theoretical  calculations,  even though 

The i r  e r ro r  Will 

The Stark constants given by Holtsmark and Trumpy are very rough. Their 

values for the  l i n e s  4530.8 and !+480.4 1 d i f f e r  by a fac tor  of two, which should 

not  be so s ince t h e  upper l e v e l  whose shift primarily determines the  l i n e  

broadening i s  t h e  same in both cases. 

posed on the  red end of t h e  l i n e  4480.4. A, and nave only a sr&L cffect  en t.he 

broadening i n  t he  case of small f i e l d s  but a subs tan t ia l  influence i n  the  case 

of l a r g e  f i e lds ,  making t h e  l i n e  480.L. 

L530.8 (see Table 3 ) .  

values f o r  the  Stark constants. 

U 0 . 4  

ing  copper vapor i f  the  e l e c t r i c  intermolecular f i e l d s  are large.  

mination of the Stark constants from the l i n e  broadening under arc-discharge 

conditions, if the  charged-particle concentration i s  found from the  current, 

e-ri-?ently gives exaggerated values, thus explaining t h e  discrepancy between the  

S tark  constants observed by Stampa (Bibl.5) and i n  t h e  present work. 

It was found t h a t  o ther  l i n e s  are super- 
0 

more than twice as wide as t h e  l i n e  

This i s  probably why Holtsmark (Bibl.2) gives d i f f e ren t  

T h i s  makes it impossible t o  use the  l i n e  

i n  determining t h e  charged-particle concentration i n  a phsma contain- 

The deter- 

Using the  theo re t i ca l  values of t he  Stark constants and averaging t h e  da ta  

of Table 3, we f ind  the  values (1.3 If: 0.3) 10'" cm-3 for t he  charged-particle 
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concentration i n  the plasma of a DC a r c  burning between copper electrodes under 

water. Here the  indicated e r ro r  of measurement i s  due primarily t o  t h e  inaccu- 

racy of the line-width determination. 

higher than i n  the same arc burning i n  the atmosphere, f o r  which a value of 

IO’” ~ r n - ~  i s  generally taken (Bib1.11). 

higher. 

The charged-particle concentration i s  

Their temperature here i s  about 1500°K 

In conclusion, we wish t o  thank K.A.YelTyashevicha f o r  her constant i n t e r e s t  

i n  the work and f o r  discussion of the resu l t s .  
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